ABSTRACT: Plasma IGF-I, IGF binding protein-2 (IGFBP-2), and IGFBP-3 were quantified in growing Angus bulls (n = 56) to determine their relationship with postweaning growth and carcass ultrasound measurements. In addition, GH response to GHRH challenge (area-under-the-curve GH [AUC-GH]) was determined for each bull as part of a previous study. Blood was collected by jugular venipuncture at the start of a 140-d postweaning growth performance test and at 28-d intervals for plasma IGF-I determination by RIA. Plasma IGFBP-2 and -3 content was measured at the start of the study, on d 70, and d 140 by Western ligand blotting. Individual weights and hip heights were measured every 28 d during the study and carcass longissimus muscle area, intramuscular fat percentage, and carcass backfat were estimated by ultrasound on d 140. Greater plasma IGF-I at the start of the performance
Introduction
Because IGF-I mediates many of the growth-promoting effects of GH and regulates postnatal growth and development, circulating IGF-I has been studied as an indicator of growth potential in livestock. Selection for increased rate of gain resulted in increased circulating IGF-I in pigs (Lund-Larsen and Baake, 1975; Clutter = 0.40) . Plasma IGFBP-2 and -3 were not related to carcass characteristics, and IGFBP-3 was not related to growth rates. This study provides additional evidence for the variable relationship between plasma IGF-I and growth rates in cattle. A significant positive relationship between plasma IGFBP-2, AUC-GH, and postweaning ADG warrants further investigation. et al., 1995) and mice (Baker et al., 1991) , and selection for greater plasma IGF-I resulted in increased growth rate in mice (Blair et al., 1988; Baker et al., 1991) . However, selection by weaning weight did not affect plasma IGF-I in sheep (Medrano and Bradford, 1991) , and both positive and negative correlations between IGF-I and rate of gain are reported in cattle (LundLarsen et al., 1977; Davis and Simmen, 1997; Stick et al., 1998) . Furthermore, conflicting relationships between carcass fat percentage and IGF-I have been observed in cattle and sheep (Anderson et al., 1988; McCann et al., 1997) . The IGFBP, which influence the biological activity of IGF-I, were measured in few of these studies and may contribute to the discrepancies in results. Overall, how circulating IGF-I is related to growth potential and carcass composition remains unclear.
Plasma IGFBP-2 and -3 are responsive to GH (Cohick et al., 1992; Harrell et al., 1999) and may be useful indicators of rate of gain and carcass composition in livestock. Differences in these binding proteins have been reported in gilts divergently selected for gain (Clutter et al., 1995) , and in lean versus obese sheep (McCann et al., 1997) . The association of IGFBP with growth performance and carcass traits in beef bulls has not been examined. We previously reported that challenges with GHRH are predictive of gain and carcass composition in beef bulls (Connor et al., 1999 (Connor et al., , 2000 . The objective of the current study was to characterize the relationships among plasma IGF-I, IGFBP-2, IGFBP-3, and GH response to GHRH challenge (calculated by estimating the area under a GH response curve [AUC-GH]) vs rate and composition of gain in Angus bulls.
Materials and Methods
This study was part of a larger project investigating physiological predictors of growth performance in beef cattle (Connor et al., 1999) . All animals were owned by and housed at the University of Maryland's Wye Research and Education Center, Queenstown, MD. All experimental procedures were approved by the Institutional Animal Care and Use Committee and performed according to animal use regulations.
Animals. Black Angus bull calves (Wye cross; n = 56) were maintained in four groups of approximately 15 animals each in covered loose housing under natural photoperiod. Bulls were provided ad libitum access to feed once daily consisting of corn silage, shelled corn, and protein supplement to provide a gain of 1.3 kg/d according to NRC requirements (NRC, 1996) . At weaning, calves averaged 222 d of age (SD = 26) and 239 kg body weight (SD = 33). Growth hormone response to a 1.5-g/100 kg BW GHRH challenge was determined for each calf 7 d after weaning as part of a previous study (Connor et al., 1999 (Connor et al., 1999) .
Blood Plasma Collection. Blood samples (10 mL) were collected on d 1 and at 14-d intervals throughout the test period. Samples were collected from each calf before feeding by jugular venipuncture into heparinized Vacutainer tubes (Becton Dickinson and Co., Franklin Lakes, NJ) at approximately the same time in the morning. Plasma was harvested from whole blood after centrifugation (1,850 × g, 15 min, 4°C) and stored at −20°C until assayed for IGF-I and IGFBP-2 and -3.
IGF-I and IGFBP Measurement. Plasma collected
from all bulls at each 14-d sampling period was evaluated for IGF-I concentration. Plasma IGF-I concentration was determined by RIA after glycylglycine extraction as described previously (Dahl et al., 1997; Elsasser et al., 1989) . Sensitivity of the IGF-I assay averaged 3 ng/mL, and spike recovery averaged 59.1%. For the IGF-I assay, the mean intraassay coefficient of variation (eight assays) was 2.3%, and the interassay CV averaged 14.2%. Plasma samples collected from all bulls on d 1, 70, and 140 of the performance test period were evaluated for IGFBP-2 and -3 concentrations. Plasma IGFBP-2 and -3 were characterized and quantified by Western ligand blotting as previously described (Dahl et al., 1997; Miller et al., 1999) .
Validation of the IGFBP Assay. Recovery of IGFBP-
2 from spiked samples averaged 80% (10 to 40 nM IGFBP-2 spiked into 100% ovine plasma collected from an ovariectomized ewe with estrogen replacement). Increasing amounts of ovine plasma spiked with IGFBP-2 gave increasing values of optical density in parallel to unspiked plasma ( Statistical Analyses. All statistical analyses were conducted using the SAS System version 6.12 (SAS Inst. Inc., Cary, NC). Plasma IGF-I and IGFBP, ADG, hip height, and carcass ultrasound measurements were re- gressed on age of calf at weaning to determine whether age had a strong influence on any of the variables measured. Linear regression was used to evaluate the ability to predict ADG, hip height, and carcass ultrasound measurements on d 140 from d-1 IGF-I, IGFBP-2, and -3. Age of calf at weaning was evaluated as a covariate in each model in which age had a significant effect. The MIXED procedure of SAS was used to compare differences of least squares means of plasma IGFBP-2 and -3 content by sampling period. Multivariate analysis was performed using the GLM procedure of SAS to calculate correlation coefficients of ADG and hip height with plasma IGF-I, IGFBP-2, and -3 concentrations adjusted for age measured during the growth performance test. All possible regressions were generated using the variables of weaning age, d-1 IGF-I, d-1 IGFBP-2, and AUC-GH to identify the most informative variables for predicting ADG and longissimus muscle area. Table 1 . Mean values of IGFBP-3 increased throughout the 140-d performance test period, whereas IGFBP-2 declined throughout the test period. Regression of plasma IGF-I and IGFBP-3 on age of bull at weaning was not significant (P > 0.27). Plasma IGFBP-2 at d 70 was inversely related to age of bull (P < 0.02); however, the regressions between d-1 IGFBP-2 and d-140 IGFBP-2 vs age of bull were not significant (P > 0.15). Measurements of ADG, hip height, and longissimus area at d 140 were highly related to animal age with R 2 values of 0.11 (P = 0.01), 0.13 (P = 0.006), and 0.16 (P = 0.002), respectively. Thus, age of bull at weaning Means within each IGFBP without a common superscript differ (P ≤ 0.01).
Results

Mean (± SE
was analyzed as a covariate in models predicting d-140 ADG, hip height, and longissimus area.
The relationships between d-1 plasma IGF-I concentration vs postweaning ADG, hip height, and carcass ultrasound measurements are presented in Table 2 . Day-1 plasma IGF-I concentration, adjusted for age, explained nearly 20% of the variation in ADG and 23% of the variation in longissimus area. Greater plasma IGF-I at the start of the performance test was associated with lesser ADG throughout the performance test, but with increased longissimus area. Day-1 IGF-I concentration was not related to final hip height, intramuscular fat percentage, or carcass backfat. Age-adjusted plasma IGFBP-2 content at the start of the performance test was related to ADG during the performance test, explaining nearly 30% of the variation in ADG (Table  2) Table 3 summarizes the partial correlations between periodic IGF-I concentrations and corresponding postweaning ADG and hip height measurements, adjusted for the effects of age of bull at weaning. The correlations between ADG and IGF-I concentrations varied in sign and were generally low throughout the performance test period. The correlations between plasma IGF-I and hip height were consistently positive, ranging from 0.10 to 0.38.
Multiple regression analysis was performed using weaning age, d-1 IGFBP-2, d-1 IGF-I, and AUC-GH as indicators of longissimus muscle area and ADG throughout the postweaning performance period. As shown in Table 2 , a model based on weaning age and IGF-I explained 23% of the variation in longissimus area; however, including the additional variables in the model made no improvement. For predicting ADG, a model based on weaning age, AUC-GH, d-1 IGFBP-2, and d-1 IGFBP-2 × AUC-GH resulted in an R 2 of 0.40 (P < 0.0001), in which each variable contributed significantly to the model (P < 0.02). Based on the model, ADG increases as AUC-GH and IGFBP-2 increase, but the interaction of IGFBP-2 and AUC-GH may reduce ADG (Figure 3 ). The addition of AUC-GH and IGFBP-2 × AUC-GH to the model predicting ADG improved the relationship 12.8% over a model based only on weaning age and IGFBP-2. 
Discussion
Results of the present study suggest that bulls with greater initial plasma IGF-I exhibit slower rates of gain but perhaps greater bone and muscle growth. The positive relationship between IGF-I and longissimus area is consistent with a study in growing beef bulls in which plasma IGF-I was positively correlated to carcass protein percentage (Anderson et al., 1988) . Although IGF-I was reported to be inversely related to carcass fat in beef cattle (Anderson et al., 1988 ), McCann et al. (1997 found that IGF-I concentration was greater in dietarily obese sheep than in lean sheep. We observed no relationship between plasma IGF-I and measures of carcass backfat or intramuscular fat in the present study. Lund-Larsen et al. (1977) reported correlations (r = 0.54) between mean IGF-I activity (measured by bioassay) between 4 and 10 mo of age and yearling height in bulls but observed no relationship between IGF-I activity and longissimus muscle area. Those authors also found that IGF-I activity was greater in bulls with increased rates of gain than in bulls exhibiting slower rates of gain. The variable relationships we observed between periodic measures of IGF-I and ADG are consistent with findings of Bishop et al. (1989) and Davis and Bishop (1991) with beef cattle and likely reflect the effects of IGFBP on IGF-I availability to tissues. Total circulating IGF-I concentration may be related to long bone growth and muscle development, as indicated by the positive relationships between IGF-I concentration and hip height and longissimus area but may not be a reliable indicator of overall rates of gain in cattle.
Circulating IGFBP-2 and -3 are relatively stable throughout the day and influence the availability of IGF-I to the type-1 IGF receptor (Thissen et al., 1994) . Combined with an acid-labile subunit, IGFBP-3 binds IGF-I and appears to act as a storage pool for IGF-I by reducing its clearance rate from circulation, whereas IGFBP-2 may transport IGF-I from serum to tissues (Thissen et al., 1994) . Therefore, concentrations of these binding proteins are potential indicators of IGF-I status and may provide insight into an animal's growth or carcass potential. Production of IGF-I and IGFBP-3 is stimulated by GH (Cohick et al., 1992) , suggesting that animals with rapid rates of gain may exhibit increased plasma IGFBP-3 over animals with slower rates of gain due to endogenous GH activity. In the present study, mean plasma IGFBP-3 content increased along with IGF-I concentrations and weight gain throughout the postweaning performance period as expected; however, plasma IGFBP-3 was not a useful indicator of the ADG of individual animals. Clutter et al. (1995) found no difference in IGFBP-3 activity in fasted gilts divergently selected for postweaning ADG, but they observed increased IGFBP-3 activity in gilts selected for slower postweaning ADG than in lines selected for greater ADG, 48 h after refeeding. McCann et al. (1997) observed lesser endogenous GH but greater IGFBP-3 in obese sheep compared with lean sheep, whereas weight gain in rams due to overfeeding had no effect on plasma IGFBP-3 (Clarke et al., 1993) . In the present study, IGFBP-3 was not related to carcass backfat, intramuscular fat, or longissimus muscle area and was not related consistently to hip height. A number of in vitro studies have demonstrated both stimulatory and inhibitory effects of IGFBP-3 on cell growth, depending on culture conditions (Cohick, 1998) . Thus, it is likely that the use of plasma IGFBP-3 is limited as an indicator of growth characteristics due to the complex interactions among IGF-I, IGFBP-3, and the acid-labile subunit with the type-1 IGF receptor that regulates growth. Our results indicate that growth rate and carcass composition cannot be predicted by only periodic measurement of plasma IGFBP-3. Bourner et al. (1992) observed a dose-dependent increase in smooth muscle DNA synthesis in response to IGFBP-2 in the presence of IGF-I, suggesting that IGFBP-2 may potentiate muscle growth. In the current study, a positive relationship between d-1 IGFBP-2 and postweaning ADG was observed, but no relationship was found between IGFBP-2 and carcass ultrasound measurements or hip height. A model based on age, d-1 IGFBP-2, and AUC-GH showed a strong relationship with postweaning ADG (R 2 = 0.40), suggesting that these variables may provide useful information for identifying bulls with the greatest growth potential. Although there was a strong relationship among d-1 plasma IGFBP-2, AUC-GH, and postweaning gain, additional studies are needed to confirm the existence of a consistent positive relationship in cattle.
Implications
This study provides additional evidence for the variable relationship between plasma IGF-I and growth rate in cattle. Plasma IGF-I appears to be positively correlated with longissimus muscle area and hip height. Plasma IGFBP-3 does not appear to be a useful indicator of growth or carcass performance in growing cattle. However, models combining weaning age, IGFBP-2, and growth hormone response to growth hormone-releasing hormone challenge (AUC-GH) may be useful for predicting postweaning average daily gain in young bulls.
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